A diamond pn-junction diode electron emitter was examined in an emission spectro-microscope. An electron emission efficiency of ∼10 −2 to the diode current was confirmed at a forward diode current larger than ∼40 µA. Measured electron emission images showed that electron emission indeed occurs at the terrace and up to the terrace boundary of p-type diamond electrode. Measured energy distribution curves of emitted electrons showed that electrons are indeed injected to the conduction band of p-type diamond electrode and emitted from a negative electron affinity surface of p-type diamond.
I. INTRODUCTION
It is considered that diamond has extraordinary properties (high thermal conductivity, mechanical hardness, chemical inertness, wide band-gap (5.5 eV) and negative electron affinity (NEA)) that are suited for durable electronic devices such as high-power/frequency electronic devices, deep-ultraviolet sensors/light-emitting-diode, and high-current electron sources.
Realization of deepultraviolet emitting pn-junction diamond diodes has been reported in the last decade [1, 2] . The realization of pn-junction diamond diodes opened the door for durable high-current electron sources. It is well known that a ptype hydrogen-terminated diamond surface shows a NEA state. This means that electrons excited into conduction band of H-terminated p-type diamond in a diamond pnjunction can be emitted easily into vacuum as schematically shown in the inset of Fig. 2 .
Recently, Koizumi and co-workers reported the realization of diamond electron emitters based on pn-junction diamond diodes [3] [4] [5] [6] [7] . In brief, they formed diamond pn junctions with different thickness of p-type layers on top of n-type diamond layers and examined the electron emission current in vacuum. Phosphorus doped n-type diamond films were first formed on a (111) Ib diamond surface by microwave plasma chemical vapor deposition (CVD) with thicknesses of 5-10 µm. Boron-doped p-type diamond layers were then formed in a separate growth chamber on the n-type layers by CVD with a thickness variation of 0.25-1 µm. The pn junctions were further processed by reactive ion etching (RIE) using oxygen to form mesa structures of 250 µm circular disks.
The electron emission current measurements were performed in a ultra high vacuum (UHV) multi-probe system. Electron emission current (I e ) was observed by a collector electrode under a forward diode voltage (V d ) at a certain diode current (I d ). At a diode temperature of
∼200-300
• C, a maximum emission efficiency (I e /I d ) of ∼1% was observed from a single mesa with V d of several tens V at I d of several mA [6, 7] . The collector voltage (V C ) dependence of emission current showed a clear onset at around V C = 0 V that suggested a successful realization of diamond pn-junction electron emitter with NEA surface. However, the properties of emitted electrons, i.e. the spatial and energy distributions of emitted electrons
were not yet known.
In this work, we have examined the spatial and energy distributions of emitted electrons. The result showed that emitted electrons indeed originated from the p-type mesa of a 250 µm circular disk and that energy distribution was consistent with electrons emitted from a p-type NEA surface.
II. EXPERIMENTAL
The pn-junction diode used in this study was made at NIMS on a high-pressure high-temperature Ib-type single crystal diamond 111 substrate (2×2×0. 0.05%; PH 3 /CH 4 ratio= 2000 ppm; gas pressure= 100 Torr; substrate temperature= 900
• C; growth period= 20 h. The growth conditions for p-type layer were the following. Source gases are B 2 H 6 , CH 4 and H 2 ; CH 4 /H 2 ratio= 0.05%; B 2 H 6 /CH 4 ratio= 5 ppm; gas pressure= 100 Torr; substrate temperature= 900
• C; growth period= 1 h. Circular (250 µm in diameter, ∼1 µm in height) diamond pnjunction mesas were created by a RIE method (cf. Fig. 1 ). The pn-junction was finally treated in a microwave hydrogen plasma (pressure: 100 Torr, sample temperature: 880
• C) for 15 min for hydrogenation to have NEA surfaces on the p-type mesa structures. A circular (150 µm in diameter) ohmic metal (Au/Ti) contact was made on one of the p-type diamond mesas. Gold lead wire (25 µm diameter) was bonded to the metal contact and connected to an electrode of a sample holder. The n-type diamond was electrically connected by a thin Mo plate to the second electrode of the sample holder. Figure 1(a) shows the optical image of a part of the sample with the selected pn-junction enclosed with a yellow rectangle. In Fig. 1(a) , the Au lead-wire and Mo electrode can be seen and the voltages (V p and V n ) supplied to the Au lead-wire and Mo electrode are schematically shown. Figure 1 (b) shows the schematics of the selected pn-junction, where the n-type diamond part is shown in blue, the p-type diamond mesa in pink, the Au/Ti contact in dark yellow and Au bonding and lead-wire in yellow. The sample was then installed in a photoemission electron micro-spectroscope (PEEM) at IMRAM.
The PEEM apparatus used was a commercial one (Omicron FOCUS IS-PEEM) which was composed of electro-static-lens optics together with an electron energyanalyzer. A micro-spot electron energy analysis of emitted electrons was possible at the highest spatial resolution of ∼1 µm in diameter using an iris aperture placed on the first image plane. Spatial resolution as an emission microscope was ∼20 nm and the base pressure of the apparatus was ∼6×10 −11 mbar. For photo-excited observations, a Xe-discharge lamp (Hamamatsu L2174) was used whose highest photon energy was ∼6.2 eV. The working distance between the sample surface to the objective lens of PEEM apparatus was about 1.8 mm. In order to analyze the kinetic energy of emitted electrons, we always supplied a bias voltage of −3.00 V to the Au lead wire (V p = −3.00 V). The sample temperature was kept at ∼200
• C for all the measurements reported here. The sample was heated by a filament placed on the back of the sample and the temperature was monitored by an infrared pyrometer. Possible stray magnetic field due to heating filament current was shielded to have no effects on the PEEM images. For all the measurements under forward diode conditions, the diode current I d was regulated to be constant by a regulated power supply. Scale bars in emission images reported here was initially conjectured from PEEM electrode settings and later calibrated by the curvature of the outer boundary of the p-type circular mesa.
III. RESULTS
First, we measured diode characteristics and emission efficiency in PEEM using the objective lens as a collector electrode at 1000 V (V C = 1000 V). Figure 2 (a) shows the measured diode characteristics, where a clear rectifying property can be seen. The rectification ratio of the order of 7 can be seen for V d ±10 V. For the reverse voltages, the current of ∼10 −13 A was the detection limit in the present system and a leakage current can be noticed for Figure 2(b) shows the emission current (I e ) as a function of diode current (I d ) and the converted emission efficiency. The emission efficiency (I e /I d ) larger than 1% can be seen for I d ≥ 40 µA indicating the similar emitter quality as reported recently [6, 7] . Figure 3 (a) shows a low magnification electron emission image of the p-type electrode of pn-junction operated at V d = V p − V n = 5.0 V, where the excitation UV source was not used. The 'half a doughnut' shaped bright area indicates the shape of p-type circular mesa: Round edges on the lower right and left corners are the boundary of image detector. The outer boundary of the 'doughnut' is expected to be the boundary of the p-type circular mesa. However, this is not certain at this stage since there is a ∼1 µm height step at the boundary which distorts the electric field that distorts the image. The inner boundary of the 'doughnut' is also distorted by the distorted electric field by the Au bonding and lead-wire which have a height of ∼300 µm. However, Fig. 3(a) strongly in- dicates that electron emission indeed occurs around the terrace of the p-type circular mesa. Figure 3(b) shows a medium magnification electron emission image around the boundary of the p-type circular mesa under a diode condition of V d = 25.5 V and I d = 30 µA. There appear fine structures in the bright emission area which must correspond to bunched steps on the (111) surface of p-type circular mesa. The stripe lines of the fine structures are not straight on the right hand side, which indicates the effect of distorted electric field due to the Au bonding and lead-wire. Figure 4 (a) shows another medium magnification electron emission image around a different part of the ptype circular mesa under the same diode condition as in Fig. 3(a) . We can see a very bright emission part on the lower left corner, where the intensity is in fact saturated under an imaging condition for the fine structures on the terrace. We have examined the similar part of the sample by an optical (Nomarski-type) microscope, the result of which is shown in Fig. 4(b) . The left part is n-type diamond and middle part is the p-type mesa and the lower right is the metal (Au/Ti) contact. We can see a defective part at the boundary of the p-type mesa in Fig. 4(b) and a rectangular area enclosed by a yellow rectangle roughly corresponding to the emission image of Fig. 4(a) . Figure 4 clearly shows that the electron emission in this pnjunction diode indeed occurs on the terrace of the p-type mesa and up to the boundary of the p-type mesa. Figure 4 also indicates that the defective part, which must have thinner p-type diamond layers, emits electrons more efficiently: a rough estimation shows that the efficiency is ∼40 times higher at the defective part than at the terrace. It is to be noted that the electron emission from the defective part does not contribute significantly to the total emission current of the pn-junction diode since the area of the defective part is not at all large.
We have measured the energy distribution curves (EDC's) of emitted electrons by placing the iris aperture at the first focal plane of emission images and using the electron energy analyzer of the PEEM. Figure 5 shows the results of it. Figure 5(a) show an emission image and circles with characters inside are the positions where the iris aperture was placed on the image. The actual iris aperture shape was a parallelogram and the mean size was similar to those circles in Fig. 5(a) . Diode condition was the same as in Fig. 4(a) . 'T1' and 'T2' in Fig. 5(a) are the terrace sites on another region of the p-type terrace under the same diode condition as in Fig. 4(a) . 'n' in Fig. 5(a) is the n-type electrode site under the diode condition as in Fig. 4(a) but with the UV light source (Xe-lamp) being on: Without the UV light, electron intensity was to weak to be measured. 'p' in Fig. 5(a) UV light source on, were energy analyzed. The resulting EDC's with the maximum intensities normalized to unity are shown in Fig. 5(b) . The electron energy is referenced to the Fermi level (E f ) of the electronic potential at the ptype electrode: the E f is determined as before [8] . EDC's of electrons emitted from the terrace sites (T1 and T2) start at 4.1±0.1 eV and rise sharply as the energy goes higher for the first ∼0.1 eV and decrease gradually and decay at 5.45±0.05 eV. EDC of electrons photo-emitted from the terrace sites at the p-type electrode starts at 4.1 eV and increases gradually up to ∼4.8 eV and decays off at around 6 eV. EDC of electrons photo-emitted from the n-type electrode site under the forward diode condition starts at 5.6 eV and increases gradually up to ∼6 eV and decays off gradually.
We have measured EDC's of electrons emitted from terrace sites other than T1 and T2, and found essentially the similar EDC's. We have measured EDC's from the terrace sites as a function of diode current I d as well, which showed that the starting and decaying energy positions are not affected by I d but that spectral profiles are dependent in such a way that peak position moves upward as I d increases. We have measured EDC's of electrons photo-emitted from the n-type electrode site as a function of I d , which showed that E S increased as I d increased as E S =∼5.1, ∼5.3 and ∼5.6 eV for I d = 5.0, 15.0 and 30.0 µA, respectively. The corresponding diode voltages were V d =∼11, ∼15 and ∼25.5 V, respectively.
IV. DISCUSSION
An EDC curve of secondary electrons excited by He I resonance light (hν = 21.2 eV) from a H-terminated boron-doped (10 16 /cm 3 ) diamond (111)1×1 surface has been reported previously : Fig. 9 of Ref. [9] . The EDC curve showed that E S = 4.2 eV above E f and has a peak at ∼4.5 eV and decays off very gradually. In the present case of EDC of electrons photo-emitted from the terrace sites at the p-type electrode, E S = 4.1 eV and the intensity increases gradually up to ∼4.8 eV and decays off at around 6 eV. This shows that the onset energies of the two EDC's are consistent within an error of ±0.05 eV. It can be expected that the other spectral profiles are de-pendent on the excitation energies (21.2 eV vs. ∼6.5 eV). Thus, the two EDC's are consistent to each other. We have found that the EDC's of electrons emitted from the terrace sites of pn-junction as found in Fig. 5(b) start at 4.1±0.1 eV and decay at 5.45±0.05 eV. The onset energy of 4.1 eV is exactly the same as that of E S = 4.1 eV for electrons photo-emitted from the terrace sites at the ptype electrode. This strongly indicates that both diodeemitted and photo-emitted electrons originate from the same energy states.
The surface energy band diagram (SEBD) of Hterminated boron-doped diamond (111) surface has been reported by Diederich et al.: Fig. 17 of Ref. [9] . Since the present EDC of photo-emitted electrons from the p-type electrode is consistent to the EDC of Diederich et al., we can expect a similar SEBD for the present p-type electrode. In Fig. 6 , we have depicted the SEBD and overlaid the characteristic energy positions found in the present study. The onset energy E S of diode emitted electrons comes ∼1.0 eV below the conduction band bottom E C at the surface and the emitted electron spectrum decays off at ∼0.2 eV above E C in the bulk band. It is expected that there are unoccupied surface states up to ∼1 eV below E C for H-terminated diamond (111) and (100) surfaces [9, 10] . Therefore, the onset energy E S of emitted electrons must correspond to either the lowest unoccupied surface states or the vacuum level at a middle of unoccupied surface states of a NEA p-type diamond surface. This means that most electrons transferred to the conduction band of p-type electrode are relaxed at the surface to the unoccupied surface states and come out into vacuum. The relaxation rate is dependent on diode conditions of I d and V d since we found that the spectral profiles changed in such a way that peak position moves upward as I d increases although the starting and decaying energy positions were not affected by I d .
We have seen by bare eyes a light emission of deep blue color at the pn-junction site when I d exceeds ∼5 µA. The properties of a deep-ultraviolet emitting pn-junction diamond diode made in a similar way have been reported previously [1] . It is certain that deep-ultraviolet light due to free excitons at 5.27 eV is emitted at the junction site which would photo-excite electrons into the conduction band of p-type electrode. This photo-excitation of conduction electrons would not show changes in EDC profiles of emitted electrons by changing diode conditions. In reality, we have seen substantial changes in EDC profiles on the diode condition. This implies that the fraction of photo-excited electron emission to electronically injected electron emission is relatively small.
V. CONCLUSIONS
A diamond pn-junction diode with an electron emission efficiency to diode current of ∼10 −2 was examined by an electron emission spectro-microscope. The evidence that electron emission indeed occurs at the terrace of pelectrode was obtained. The features of energy distribution curves for emitted electrons showed that electrons at the pn-junction are injected to the conduction band of pelectrode and transferred to the p-electrode NEA surface. Thus, a pn-junction diamond electron emitter is indeed realized. However, the energy distribution curves of emitted electrons show a large energy spread, which indicates that there are many parameters to be improved.
